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An experimentalstudyhasbeenmadeto investigatesomeaspects
ofthenatureoftheflowarounddeltawings.Vapor-screen,pressure-
distribution,andink-flowstudiesweretie ata Machnuniberof1.9on
a seriesofsemispandelta-wingmdeh withslenderwedgeairfoilsec-
tionsandverysharpleadingedges.!lhmodelshsdsemiapexangles
rsngingfrom5° to31.no.

b-
Sepsratedregionsofvortici@existedalongthechordsofall

thewingsintheseriestested.Concentratedvortexcoreswerefourd
k onlyonwingsofverysma~ semiapexangles.Forwingswithmedium

andlargesemiapexangles,thesepsratedvorticitywasconcentratedin
a regionextendingovertheoutboardpartofthespanandlyingclose
to thewinguppersurface.

Theresultsshawthattheoreticalaerodynamiccalculatims,such
asthoseinNACATN 3430,utilizinga single,separatedvortexpair
abovethewinguppersurfacetorepresenttheseparatedvorticitycan
be applidat supersonicspeedsforverysknderwings.

INTRODUCTION

Theoreticalcalculationsofaerodynamicphencmenausuallyrequire
sanebasicassmnptionconcerningthephysicalnatureoftheflowfield.
Incalculationsofthevelocityfieldsbehindwings,forinstance,the
vorticityisforsomecasesassumedtobe concentratedina vortexsheet
smdforotherstobe concentratedindiscretevortices,thechoice
dependingonthewingaspectratio,liftcoefficient,distancefranthe
trailingedge,andotherfactors.(Seeref.1,forinstance.)The
vortexsheetsanddiscretevorticeshaveusuallybeenassumedto leave
thewingat thetrailingedge. h a recentattempttopredicttheoret-
icallytheliftonslenderdeltawings(ref.2),separationwasassumed
to takeplacefromtheleadingedgesofthewings.Forthatanalysis,
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then,thevortexsheetwasassumedtorollup intodiscretevortices d
lyingabovethewingandincreasingin strengthalongthechordofthe
wing. —

u

Sincethelatterassumptionsdifferconsiderablyftxmrnostofthose
usedinpastanalyses,anexperimentalinvestigationoftheflowphe-
nmena wasproposed.Thepurposeofthepresentstudyisto investigate
aspectsofthephysical nature oftheflowfieldalongthechordsofa
seriesofsmalJ-andmedium-aspect-ratiodeltawings.Thisinvestiga-
tionisofa qualitativenaturemd servesprimarilytodefinethe
vortex-separationphencmenaandto indicatea generalrangeofappU.-
cabilityoftheseparated-vortexconcept.

SYMBOLS

angleofattack,deg

wingsemiapexangle,deg

wingsemispan,in.

Machnuniber

P~-P
pressurecoefficient,— q

localstaticpressure

free-stream

free-stream

Wch single,

staticpressure

dynamicpressure

sin-l-L
M

spanwisecoordinate,in.

APPARATUSANDMODEIS

Thetestsforthisinvestigationweremadeina 9-by 6-inch,Mach
nuniber1.9blowdownJetoftheLangleygasdynamicslaboratory.tie
testsectionwasequippedwitha boundary-layerscoop-offplateto mini.- ‘
mizetheeffectofboundarylayerontheessentiallyflat-platesemispsn ‘-
mcxiels.(Seefig.1.} Withthisboundsry-layerscoop-offplate,the ~
maximumboundary-layerthicknesswascalculatedtobe about3 percent
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d of thespm forthewing‘kithtl+esmallestspan.‘I&presenttests
weremadeat a Reynoldsnumberof1.58x 106perinch.

a
A vapor-screentechniquesimilarto thatusedinreference3 was

usedinthepresentteststo observetheflowphenmenaarounddelta
wings. i2nthistechnique,waterwasinsertedintheair-supplyline
upstreamofthesettldngchamber.Afterthewaterwasbrokenintovery
smalldropletsby thesettling-chamberturbulencescreens~ expsnded
throughthenozzle,it appearedinthetestsectionas a fog. A mercury-
vaporlightsourcewasusedtoproducea narrowslitofintenselight
perpendiculartothetunnelads. (Seefig.2.) Thelightscattered
by theparticlesappearedasa screenof illuminationonwhichchanges
ofdensityshowedup as chsmgesin intensityofillumination(seeappendix);
therefore,regionsofconcentratedvorticityandshockwavescouldbe
observed.An aerialcsmerawasusedtotakephotographsofthevapor
screen.ThechangeinMachnumberwiththeadditionofwater wasfound
by static-pressuremeasurementstobe small(AM= -0.03)withrespect
totheMachnwber obtainedwithoutwateradditicm.

Themodelsusedinthisinvestigationwereessentiallyflat-plate
w semispandelta-wingmodelswithslenderwdge airfoilsectionsandvery

shsrpleadingedges.Themaximumthicknessofthewingswasofthe
orderof 1.7to4.4percentofthechord.Mcxielswithsemiapexanglesb of5°,7.5°,10°,15°,22.5°,and31.75°weretested.Itbnensionsof
themcdelssregiveninfigure3.

Forthepressure-distributiontests,pressureorificeswereinstalled
ononesurfaceofthemodels,“andthemodelsweretestedatpositiveand
negativeanglesofattacktodeterminethepressureonboththeupper
andlowersurfaces.

Thepressureorificeswerealsousedforink-flowstudies.For
thesestudies,inkwasinsertedthroughseveralofthepressureorifices
undersufficientpressureto obtaina steadyflowof inkoverthesurface
ofthewing.

TESTSANDRESULTS

Vapor-screentestsweremadeat twochordwisepositionsforeach
wingmodeloftheseries,andthephotographsoftheseresultsare
presentedinfigures4 to9. Theflowphencmenaobservedoverthewing
appearedtobe steady.Thesephotographsweretakenfroma position
outsidethetunnelandat emanglewiththetunnelaxis;thusthevortex

● coresdo notappearin thephotographsat theirtruedistanceabovethe
wingsurface,althoughthespantisepositionsarecorrectlyrepresented.
Theactualdistanceoftheapparentvortexcoresabovethewingsurface

*



canbe obtainedfromthecameraangleandwi~ angleofattack.For
thesephotographs,theactualdistsncesabovethewingsurfaceareof
theorderoftwicetheobserveddistancesbecausethecameraangleis
approximate~600.

Pressuredistributionsat onechordwisepositionforeachmodel
arepresentedinfigures10to15. Forsanewings,pressuredistri-
butionswereobtainedat otherchordwisepositions,butthesewere
essentiallythessmsasthosepresentedsnd,therefore,me notgiven.

Theink-fluwtestresultsarepresentedinfigures16to21. The
wingswerepaintedwhitefortheseteststogivebettercontrastbetween
thelightanddarkregions.

DISCUSSION

Thevapor-screenphotographsareessentiallyself-explanatory,but
saneofthemoreimportantaspectsofthephotographsshouldbe noted.
Thedarkregionsinthephotographscorrespondtoregionsoflowdensity;
hence,theyshowlessreflectionfromtheparticlesintheatrstresm

J

thando thesurroundingregions.(Seeappendix.) lhvariousphotographs
thedsrkregionsmayindicateconcentratedvortexcores,regionsofsep- .
aratedflow,orlow-densityregionsprecedingshockwaves.

‘I!heprimaryinterestinthepressuredistributionsis inthecon-
ditionsonthesuctionoruppersurfaces-ofthewings.N-flow studies
wereincludedinthepresentteststo givean indicationoftheflow
characteristicsintheboundarylayer.

WingsWithSemiapexAnglesof5°,7.5°,and10°

Forthewingswiththesmallestsemiapexangles,thevortexcores
arewelldefinedandliewelJabovethewingsurfaces.Withan increase
inthesemiapexangle e,thevortexcoresbecomelargerandremain
closertothewinguppersurfaces.(Seefigs.4 to 6.) me effectsof
increasingtheangleofattackarethatthevortexcoresincreasein
size,moveinboard,andextenda greaterdistanceabovethewingsurface.
Thegeneralconicalnatureoftheflowis indicatedby thesimilarity
ofthevapor-screenphotographsatthetwochordwisepositionsconsidered
foreachwing.

Theupper-surfacepressuredistributionsinfigures10to12 show
gradualspanwisedecreasesinpressuretowardnegativepressurepeaks
whicharesituatedatthessmesnanwi.sepositionsasthevortexcores.
Somecomparisonsofthemeasured
lateddistributionsaregivenin

pressuredistributionswiththecalcu-
a subsequentsection.

L.

.

2
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d Theink-flow
ofinktowardthe

5.

photographs(figs.16to 18)showan outwardmovement
leadingedge,whichindicatesa flowseparationat

theleadingedge,smdan-ink-accumulationalonga linein~oardoftheL leadingedgebutoutbosrdof thevortex-boreposition.A suggested
explsmationof thephencunenaintheboundarylayerisgivenwiththe
aid”oftheaccompanyingsketchwhichisa sectiontakennormalto the
mainstresnata particularchordwiseposition.

WS.nvortex7

Wingplane
of symmetry

dG x>
~n~ >

Outflowat
Iineofink leadingedge

accumulation

Theobservedoutflowat theleadingedgesuggeststheetistenceofa
tipseparationvortexwhichcanbe ofsmallstrengthrelativetothe
mainvortexandwhichhasthesamedirectionofrotationasthemain
vortex.Betweenthemainvortexandthetipseparationvortexthere
isa regioninwhichtheinducedvelocitiesfranthesetwovortices
createa circulatoryflowwithrotationintheoppositedirectionto
theothertwovortices;thisreversed-flowregionisdesignatedasthe
eddyvortex.Thetipvortexcausestheoutflowattheleadingedge,
andtheoutflowbeneaththemainvortexandtheinflowbeneaththe
eddyvortexccmbinetoformthelineofinkaccumulaticm.

Fromthevapor-screenphotographs,a qua~tativecmparisoncanbe
madeoftheobservedvortex-corepositionswiththosecalculatedin
reference2. figeneral,theobservedvortexcoresareat comparable
distancesabovethewingsurfacebutareconsiderablymoreinbosrdthan
thecalculatedpositicmsofreference2. Itcanbe seenfromthese
resultsthattheoreticalcalculationsusinga single,separated
vortexpaircanbe appliedat supersonicspeedsforveryslenderwings.*“

.
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WingsWithSemiapexAnglesof>5°and22.5° d

~ someofthevapor-screenphotographsofthewingwitha semi-
apexangleof 15°(fig.7),tworegionsofvorticitycanbe identified. ~

Theink-flowphotographs(fig.19)showtwollnesof inkaccumulation
whichcorrespondtothesetworegionsofvorticity.Thesuggested
explanationforthesetwolinesofinkaccumulationis similarto that
givenforthesinglelinesmdisillustratedintheaccomp~ingsketch.

Eddyvortices

Tipvortex

Wingplsme
ofsyImnetry

Outflowat
Linesof ink leadingedge

I accumulation

Forthewingwitha semia~xangleof22.5°(fig.8),thesepa-
ratedregionisspreadoutovertheouterpartofthewingsemispan
andremainsconsiderablyclosertothewinguppersurfacethanthat
forpreviouswings.At someanglesofattack(a= X2°to 160),
thereme indicationsofthepresenceofsomet~e ofdisturbance,
possiblya weakshockformation,butthisisnotdistinctenoughto
be definitelyrecognizable.Theink-flowphotographsin figure20
showthessmegeneraltypeofflow,withonelineofinkaccumulation,
asthesmall-apex-anglewings.

—

a

Thewingswithsemiapexanglesof15°and22.5°(figs.13and14)
havenegativepressurepeakswhichextendovera largeportionofthe
outboardregionofthewingsatthehigheranglesofattack.TheabrutBspanwisedecreasesinpressureforsomeaaglesofattack(a= 8°to 14
infig.13and a= 8°to16°infig.14)correspondto theobserved
inboardlimitoftheseparatedregionsdjacenttothewing. Moregrsdual
spanwisedecreasesinpressureoccuratthehigheranglesofattackwhere u
themostinboardportionoftheseparatedregionliessomewhatabovethe
wingsurface.

>
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WingWitha SemiapexAngleof31.no

Shockwavesarerecognizableonthewingwitha semiapexangleofG
31.no (fig.9)evenat smallanglesofattack.Theshockwavemoves
inboardtithincreasingangleofattack.Betweena = 14°and16°,a
changein theappearanceoftheflowphencmenaoccurs.!Ihechanged
appearanceisattributedto thefactthattheflatregionof separated
vorticityadjacenttothesurfaceofthetingmovesinboardatoafaster
ratethantheshockwave;therefore,at anglesofattackof 16 and
greater,theshockwaveintersectstheregionofvorticityad prcduces
theunusualap&aranceseeninthephotographs.

Theink-flowpictures(fig.21)showthepreciouslyobservedline
ofinkaccumulationup toan angleofattackofabout16°,abovewhich
theflowbecomessomewhatconfused.An interpretationoftheseresults
isasfollows:Thepresenceofinkat thewingtipis causedby the
outwardflowofinkalongtheblunttrailingedge. Withincreasing
angleofattack,thebubbleofinkmovesforwaxdalongthewingleading
edgeand,at about a = 16°,inkfrcmthisbubbleandfrcsntheouter
orificeinterfereswiththeinkfrcmtheotherorifices.M fromthe

e outerorificeproceedsdownstreamparallelto thefree-streamvelocity,
whereasinkfrm theinboardorificespassesoverthatoftheouter
orificeandproceedstowardthelesdingedge.

.
Foralmostallanglesofattack,thereis a smalldecreasein

pressureatthespanwisepositionwheretheshockwavesareobserved
(fig.15). Above a= 14°,wherea changein theflowappearancetakes
place,practicallyallthepressuredecreaseoccursat themostlnbosrd
extentoftheregionof separation.Forthesehighanglesofattack,
theshockwavesappearto intersecttherelativelythickregionofvor-
ticity,andapparentlytheshockwaveshavelittledirecteffectonthe
surfacepressuredistributicms.

CcdnparisonWithTheoreticalCalcuhtions

CompariscnMofpressuredistributionscalculatedby themethodof
reference2 with- measureddistributimsforthe“wingwitha semi-
apexangleofso aregiveninfigure22. b preparingfigure22,the
experimentalpointsfromfigure10havebeenplottedinthepositions
inwhichtheyappearwhenthepressuresforzeroangleofattackare
shiftedtothezero-pressure-coefficientaxis.

Theexperimentalpointsareingeneralagreementwiththecalcu-
latedresultsexceptwherethesharpnegativepressurepeaksoccurin
thecalculatedcurves.Thesenegativepressurepeaksaretheresult
oftheassumptioninthetheorythattheseparatedvorticityis con-
centratedinpointvortexcores,whichthushavea largeinfluenceon
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thesurfacepressuresbeneaththem. Sinceinthephysicalflowthe
vorticitycannotbe concentratedina pointvortexand,furthermore,
sinceallthevorticityinthephysicalflowisprobablynotinthe
vortexcorebutpartlyina specialvortexsheet,largenegative
pressurepeaksarenotanticipated.However,thecomparisonsoffig-
ure22 showthatthecalculatedpressuredistributionsofreference2
havecorrectgeneraltrendsinpredictinglargelosdingsovertheout-
boardpartofthe”span,althoughthecalculationsoverestimatethe
negativepressurepeaks.Theintegratedexperimentalpressuredistri-
butionsyieldresultsfortheliftcoefficientswhichapproachthecal-
culatedresultsas theapexangled thewingisreduced,as shownpre-
viouslyfrcmforcetestsinreference2.

CONCLUDINGREMARKS

Theresultsofthepresenttestsindicatedthatseparatedregions
ofvorticityexistedalongthechordsofallthewi~s intheseries
tested.Concentratedvortexcoreswerefoundonlyonwingswithsemi.-
apexanglesof5°,7.5°,amd10°. Farwingswithsemiapexanglesof ‘?
15°,22.5°,and31.75°,theseparatedvorticitywasconcentratedina
regionextendingovertheoutboardpartofthespanandlyingcloseto
thewinguppersurface. 2-

Theresultsshow,thataer~c calculations,suchasthose
inNACATN3430,utilizinga single,separatedvortexpairabovethe
winguppersurfacetorepresenttheseparatedvorticitycanbe applied
at supersonicspeedsforveryslenderwings.lkoma qualitativestand-

.

point,theobservedvortexcoresontheseveryslenderwingswerelocated
atdistancesabovethewingsurfacescomparablewiththecalculated
positionsbutconsiderablymoreinboardthanthecalculatedpositions.
Thephysicalnatureoftheseparationphenomenapresentedforthewings
withthehigherapexsnglescouldbe a guideforadditionalanalyses.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

IangleyField,V%, MayX2,1955.
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APPENDIX

DISCUSSIONOFVAPOR-SCREENOBSERVATIONS

J

d

tiordertoevaluatethevapor-screenphotographs,thenatureof
theobservedflowmustbe understock.As hasbeenmentionedpreviously,
thewaterisbrokenupby theturbulencescreensandappearsinthetest
sectionas a fog. Thesepsrticlessresufficientlysmallsothatthey
followthestreamlinesoftheairflow,and,by obsertingtheilluminated‘
psrticles,certaincharacteristicsoftheflowcante deduced.

Theregionsof contrastingilluminationwhichshowup inthephoto-
graphsare,ofcourse,theresultsofvariationsin theconcentration
perunitvolumeof tieparticlesin theregionilluminatedby theslit
ofMght. Regionscontaininglargenumbersofparticlesperunitvolume
scattera largeamountof lightandappearas lightregionsandcon-
verselyforregionscontainingsmallnumbersofparticles.Thevery
brightstraightlinewhichappearsineachphotographis simplythe
reflectionof thenarrowslitof lightfromthewingsurfaceandserves
to definethespanof thewingat tw chordstitionbeingconsidered.

l%xxnoveralJobservationofthephotographs,somereasonable
identificationscanbe givento certainareas.Qneormoredarkregions
areseeninmostofthevapor-screenphotographs.Thesedarkregions
areidentifiedasfollows:isolatedcirculsrregionswhichareundoubtedly
vortexcores,regionsof separationwhichUndoubtedlycontainvorticity
andarelocatedneartheuppersurfacesoftiewings,regionsoutside
theMachcone,andregionsoutboardoftheshockwavesonthewings.
Allofthesecanbe showntobe regionsinwhichthedensityoftheair
is lessthanthatin sdjacentregions.Itwouhlthusappesrthatthe
concentrationofparticlesina givenregionand,therefore,thei2lumi-
nationoftheregionareapproximatelyproportionalto thedensi~of
tieairinthatregion.

Additionalfactorswhichmightbe expectedto affecttheillumina-
tionto a certaindegreearetemperaturechangessmdcentrifugal-force
effects.Wge temperaturechangeswhichmightvaporizeor condense
particlesin certainregionscouldpossiblyhavesomeeffectsonthe
illumination.However,whenthetimeintervalsinvolvedin thepassage
ofparticlesalongthechordofthewingsareconsidered,it isdoubtful
thattherecanbe sufficienttransferofheatto affectappreciablythe
particleconcentrationthroughvaporizationor condensation.

h additiontothedarkregionsinthevapor-screenphotographs,
theresrealsosomeverylightregims,orregionsofhighdensity,
whichoriginateattheleadingedgesofthewingswiththesmallest
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apexsngler3.Thesehigh-densityregionsaretheresultofparticles
“pilingup”onthelowersurfaceofthewingandleavingthelower
surfaceat thewinglesdingedge.Theparticlesareinfluencedby
complexforces,whichincludecentrifugalforces,in theregionabove
thewingsurface.Thecentrifugalforcesprobablycausethelight
regionsinboardofthevortexcoresonsomeofthewingstiththesmall
apexangles.As theapexangleofthewingisincreased,thevelocity
normalto theleadingedgeisincreasedandfewerparticlesleavethe
wing;thustheintensityoftheilluminationneartheleadingedgeis
decreased.
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Figure1.-Viewof blowdownjet showingthebounbry-layerremovalscoop.

\ , , L. *



. ,. , # r

.

w
Fi&Jxe2.- Schematicdrawingof vapor-screenappexatusand Getup.
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Figure3.- Dratingsofmodelsusedinthisinvestigation.
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Figure5.-Vapor-screenphotographsoftheflowo~erwi.ngwith
angleof7.5°.
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a=o” (no vapor) a = 4.B” a .7,5” a = 9.4° as 12,6° ToP VtC?W
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Figure7.- Vapor-screenphotographsoftheflowoverwingwithsemiapex
“.angleof 15°. ‘_
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Figure7.-Concluded.
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Figure 8.-Vapor-screenphotographsof theflow overwingwith.semiapex
angleof 22.5°.
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Figure8.- Continued.
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Figure8.-Continued.
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Figure 10. - Spamise pressuredistributionon wingwith send-apexangle
of 50. Orificeslocatedat 78-percent-chordposition.
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